Glutamatergic NMDA receptors (NMDAR) and small conductance Ca 2+ -activated K + channels 48 (SK) are critical synaptic and intrinsic mechanisms that regulate the activity of hypothalamic 49 magnocellular neurosecretory neurons (MNNs) under physiological and pathological states, 50 including lactation and heart failure (HF). Still, whether NMDARs and SK channels in MNNs are 51 functionally coupled, and whether changes in this coupling contribute to exacerbated neuronal 52 activity during HF is at present unknown. In the present study, we addressed these questions using 53 patch-clamp electrophysiology and confocal Ca 2+ imaging in a rat model of ischaemic HF. We 54 found that in MNNs of sham rats, blockade of SK channels with apamin (200 nM) significantly 55 increased the magnitude of an NMDAR-evoked current (INMDA). We also observed that blockade 56 of SK channels potentiated NMDAR-evoked firing, and abolished spike frequency adaptation in 57
INTRODUCTION 74
The neurohypophysial hormones vasopressin (VP) and oxytocin (OT) play a pivotal role 75 in the regulation of several physiological processes such as regulation of vascular tone, baroreflex 76 modulation, water reabsorption, sodium balance, reproduction, parturition and lactation (Poulain 77 et al., 1977; Antunes-Rodrigues et al., 2004) . VP and OT are synthesized and released by the 78 magnocellular neurosecretory cells (MNNs) located in the supraoptic (SON) and paraventricular 79 nuclei (PVN) of the hypothalamus (Swanson & Sawchenko, 1983) . 80
Besides its important involvement in these physiological processes, VP has been shown to 81 contribute to development and maintenance of prevalent cardiovascular diseases such as 82 hypertension and congestive heart failure (HF) (Chatterjee, 2005 ; Kim et al., 2013; Ribeiro et al., 83 2015) . Several studies have reported that human patients and animal models with HF exhibit 84 chronically elevated plasmatic VP levels (Goldsmith et al., 1983; Riegger et al., 1985; Francis et 85 al., 1990) , which contribute to arterial vasoconstriction, fluid imbalance, persistent hypernatremia 86 and kidney damage, all of which contribute to morbidity and mortality in HF patients (Cohn et al., 87 1981 ; Goldsmith et al., 1986a; Goldsmith et al., 1986b; Packer et al., 1987; Hodsman et al., 1988; 88 Rouleau et al., 1994; Schrier & Abraham, 1999; Nakamura et al., 2000) . Despite the growing 89 evidence supporting neurohumoral hyperactivation and increased plasmatic VP concentration in 90 HF, there is still little information regarding the precise mechanisms involved in the regulation of 91
MNNs during HF. 92
The release of VP and OT into the bloodstream is directly regulated by the degree and 93 pattern of the firing activity of MNNs, which is turn controlled by the combination of both intrinsic 94 membrane properties, local modulators and synaptic inputs (Bourque et al., 1993; Bourque, 2008) . 95 diameter of the ventricle posterior and anterior walls, was obtained throughout the cardiac cycle 143 from the short-axis motion imaging mode. Measured parameters were used to calculate ejection 144 fraction and fractional shortening. 145 146 Hypothalamic slice preparation 147 Hypothalamic brain slices were prepared according to methods previously described 148 . Briefly, rats were deeply anesthetized with pentobarbital (80 mg/kg, 149 i.p.). Then, rats were quickly decapitated; brains dissected out and coronal slices cut (240 µm thick) 150 using a vibroslicer. An oxygenated ice-cold artificial cerebrospinal fluid (aCSF) was used during 151 slicing (containing in mM: 119 NaCl, 2.5 KCl, 1 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 20 d-152 glucose, 0.4 ascorbic acid, 2 CaCl2, and 2 pyruvic acid; pH 7.4; 295 mOsm). Slices were placed in 153 a holding chamber containing aCSF and kept at room temperature until used. 154 155
Patch-clamp electrophysiology 156
Slices were bathed with an aCSF (∼2.0 mL/min) containing 5 mM CsCl to suppress the 157 depolarizing action potential and better isolate the AHP (Ghamari-Langroudi & Bourque, 1998; 158 Teruyama & Armstrong, 2005) and were continuously bubbled with 95% O2-5% CO2 and 159 maintained at ∼30-32°C. Thin-walled (1.5 mm od, 1.17 mm id) borosilicate glass (G150TF-3, 160
Warner Instruments, Sarasota, FL, USA) was used to pull patch pipettes (3-5 MΩ) on a horizontal 161 Flaming/Brown micropipette puller (P-97, Sutter Instruments, Novato, CA, USA). The internal 162 solution contained in mM: 135 KMeSO4, 5 EGTA, 10 HEPES, 10 KCl, 0.9 MgCl2, 4 MgATP, 0.3 163 NaGTP, and 20 phosphocreatine (Na + ); pH was adjusted to 7.2-7.3 with KOH. The osmolality of 164 the intracellular solutions was 285 mOsm. Recordings were obtained with an Axopatch 700A 165 amplifier (Axon Instruments, Foster City, CA, USA) from magnocellular neurosecretory neurons 166 (MNNs) from the SON using an infrared differential interference contrast (IR-DIC) 167 videomicroscopy. The voltage output was digitized at 16-bit resolution, 10 kHz and was filtered 168 at 2 kHz (Digidata 1440A, Axon Instruments). Data were discarded if the series resistance was not 169 stable throughout the entire recording (>20% change). 170
Voltage-clamp recordings were performed to study the NMDA-evoked current (INMDA). A puff of 171 NMDA of varying durations (50 µM, 100-500 ms) was focally delivered to the patched neurons 172 that were held at -50 mV. In order to block SK channels, the selective blocker apamin (200 nM) 173 was bath-applied for 10 min. In some experiments, a subset of MNNs were dialyzed with the Ca 2+ 174 chelator BAPTA (10 mM) added to the recording pipette. 175
For current clamp experiments, MNNs were held at -50 mV and subjected to either direct 176 current injection or a puff of NMDA, in order to evoke spiking activity. To evaluate the magnitude 177 of spike frequency adaptation during the evoked trained of action potentials, we measured the 178 interspike interval (ISI) for each evoked action potential in the train and normalized them to the 179 first ISI of the train. Plots of normalized ISI as a function of the spike number in the train were 180 generated in response to direct current injection or a puff of NMDA, before and after apamin 181 application. The slope of a linear regression fitted to the plot (mean r 2 : sham 0.72 ± 0.06; HF 0.72 182 ± 0.07) was used to quantify the degree of SFA in each group and condition. For this analysis, and 183 to be consistent and able to compare SFA between direct current injection and NMDAR-evoked 184 firing, we focused on the first 10-15 spikes of the evoked train, which represented approximately 185 the number of action potentials evoked during the puff of NMDA, excluding then from the analysis 186 those spikes that occurred after the stimulation stopped, whose decrease in frequency represent the 187 progressive washout of the drug. In a subset of experiments, the Na + channel blocker tetrodotoxin 188 (TTX, 1µM) was bath-applied as indicated. 189
190

Confocal calcium imaging 191
Neurons were loaded through the patch pipette with Fluo-5F pentapotassium salt (100 µM; 192 Invitrogen) added to the recording solution, as previously described . Imaging 193 was conducted using the Andor Technology 
NMDA receptor activation evokes similar inward currents (INMDA) in MNNs from sham and HF 212
rats. 213
We first evaluated whether the NMDAR-evoked current in MNNs differed between sham 214 and HF rats. To this end, responses to varying durations of a focally applied NMDA (50 µM, 100-215 500 ms) were tested. As shown in Figure 1 
Blockade of SK channels increases INMDA magnitude in MNNs in sham but not HF rats. 226
To asses a potential crosstalk between NMDARs and SK channels, we repeated similar 227 experiments in the presence of the SK channel blocker apamin (200 nM). As shown in Figure 2 and area, RM two-way ANOVA). Importantly, the apamin-induced increase of INMDA in MNNs 232 from sham rats was largely prevented in the presence of the Ca 2+ chelator BAPTA (% change in 233 t test). These results suggest that the intracellular Ca 2+ raise induced by NMDARs activation gates 235 in a rapid and spatially localized manner SK channels, which in turn act in a negative feedback 236 manner to dampen the evoked INMDA. 237
Importantly, the effect of apamin was not observed in MNNs from HF rats (n=20, p>0.05 238 for both amplitude and area, RM two-way ANOVA, Fig.2 ), suggesting that the NMDA-SK 239 channel coupling is blunted in MNNs of HF rats. 240
241
NMDAR activation evokes a larger intracellular Ca 2+ increase in MNNs in HF rats 242
To determine whether the blunted NMDAR-SK channel coupling in MNNs from HF rats 243 was due to a diminished NMDAR-evoked increase in intracellular Ca 2+ levels following NMDAR 244 activation, we performed simultaneous voltage-clamp and fast confocal Ca 2+ imaging in MNNs 245 from sham and HF rats (n=17 and 30, respectively) that were loaded with the Ca 2+ sensitive dye 246
Fluo-5F. Representative recordings obtained from a MNNs in sham and HF rats are shown in SFA during NMDAR-evoked firing was also present in MNNs in sham rats ( Fig. 5D , 297 p=0.05, RM one-way ANOVA) but displayed a clearly different pattern as that observed with 298 direct current injection: An increase in the ISI duration was observed for later spikes in the train, 299 and the degree of SFA was more pronounced, compared to that of observed in response to direct current injection. However, and similar to the latter, the degree NMDAR-evoked SFA was also 301 significantly diminished in the presence of apamin (p<0.01, paired t test, Fig. 5F, n=7 ). 302
In MNNs of HF rats, SFA was still evident when spiking was evoked by direct current 303 injection, as compared to sham rats (Fig. 5B, p<0 .01, RM one-way ANOVA, although its degree 304 was evidently less compared to sham rats (Fig. 5B ). Apamin however still diminished the degree 305 of SFA in HF rats (p<0.05, paired t test, Fig. 5C ). Importantly, no SFA was observed in response 306
to NMDAR-evoked firing in MMNs from HF rats (Fig. 5E ). In fact, a significant progressive 307 increase in ISI frequency was observed in this case (p<0.01, RM one-way ANOVA), as also 308 supported by a negative slope in the relationship (Fig. 5F ), which was not affected by apamin 309 application (p=0.7, paired t test, Fig. 5F, n=6 ). 310
311
The NMDAR-SK channel coupling influence membrane excitability in the absence of spiking 312
activity. 313
Experiments in voltage-clamp (Fig. 2 ) support that the coupling between NMDAR and SK 314 channels can even occur in the absence of action potential firing. Thus, to determine whether this 315 coupling was also sufficient to influence membrane potential depolarization evoked by NMDAR 316 activation, we repeated a subset of current-clamp experiments in the presence of the voltage-gated 317 Na + channel blocker tetrodotoxin (TTX, 1 µM). As shown in Fig. 6 , the magnitude and duration 318 of the NMDAR-evoked membrane depolarization in MNNs from sham rats were significantly 319 enlarged and prolonged, respectively, in the presence of apamin (n=15, p<0.01 and 0.05, 320 respectively for depolarization area and duration, paired t test). Apamin, however, failed to affect 321 the NMDAR-evoked membrane depolarization in MNNs from HF rats (n=12, p>0.05 for 322 depolarization area and duration, paired t test). 323
Global intracellular Ca 2+ chelation with BAPTA potentiates INMDA in MNNs of both sham and 325
HF rat 326
Our results support a blunted NMDAR-SK channel coupling in MNNs from HF rats. 327
Despite this, the basal INMDA magnitude in the latter was not significantly larger compared to those 328 recorded in Sham rats. Based on this, along with our finding showing a larger NMDAR-evoked 329
DCa 2+ in HF rats, we hypothesize that a different Ca 2+ -sensitive mechanism could be activated to 330 in MNNs of HF rats in order to compensate for the diminished contribution of SK channels. To 331 test for this, we performed recordings in MNNs dialyzed with the Ca 2+ chelator BAPTA. Given 332 that cells were dialyzed with BAPTA from the beginning of the recording, we compared results to 333 similar recordings obtained from separate cells using a normal internal solution. As shown in Fig.  334 7, chelation of intracellular Ca 2+ with BAPTA significantly enhanced the magnitude of INMDA in 335
MNNs from both sham (n=44 and 33 in control and BAPTA, respectively, p<0.05, unpaired t test) 336 and HF rats (n=53 and 52 in Control and BAPTA, respectively, p<0.01 and p<0.05 for amplitude 337 and area, respectively unpaired t test). Importantly, the degree of INMDA enhancement evoked by 338 apamin or BAPTA in MNNs from sham rats was not significantly different (28 ± 5 and 42 ± 18% 339 increase in INMDA area, respectively, p>0.05). Moreover, as reported above, dialyzing MNNs in 340 sham rats with BAPTA occluded the apamin-evoked potentiation of INMDA. Taken together, these 341 results suggest that SK channels constitute the main Ca 2+ -sensitive mechanism regulating the 342 magnitude of INMDA in sham rats, and that in rats with HF, a non-SK, Ca 2+ -sensitive mechanism 343 may act as a compensatory mechanism to the blunted action of SK channels in this experimental 344 group. 345
Small conductance Ca 2+ -sensitive K + channels (SK) are ubiquitously expressed in a variety 348 of CNS neurons, including MNNs (Greffrath et al., 2004) . SK channels are typically gated by an 349 increase in intracellular Ca 2+ levels following opening of voltage-gated Ca 2+ channels (VGCC) 350 during a burst of action potentials (Bond et al., 1999) . In addition to VGCC, glutamate NMDARs 351 constitute another major source of Ca 2+ in CNS neurons. In fact, recent studies in hippocampal and 352 cortical neurons showed that SK channels can be gated in a Ca 2+ 
Negative feedback loop between NMDARs and SK channels regulate membrane excitability and 359
firing discharge in MNNs. 360
One of the major findings from this study is that under control conditions, NMDARs in 361
MNNs are functionally coupled to SK channels, forming a negative feedback loop that restrains 362 the excitatory effect on membrane potential and firing activity that follows activation of NMDARs. 363 This conclusion is supported by several lines of evidence that emerged from our studies. Firstly, 364
we found that the magnitude of an inward excitatory current evoked by NMDAR activation 365 (INMDA) was significantly enhanced following the specific inhibition of SK channels with apamin. 366
The fact that the INMDA in the presence of apamin was potentiated promptly during the time course 367 of the short NMDA application supports a very fast, and spatially localized interaction between 368
NMDARs and SK channels. This is also supported by the fact that intracellular dialysis with the 369 high affinity Ca 2+ chelator BAPTA prevented the effect of apamin on INMDA, as also described in To determine whether the NMDAR-SK channel inhibitory feedback loop was functionally 383 relevant, we performed current clamp experiments. Our results show that the total number of action 384 potentials evoked by NMDAR activation was significantly enhanced following SK channel 385 blockade, supporting that the NMDAR-SK channel coupling acts in a rapid manner to efficiently 386 restrain the NMDAR-mediated increase in firing discharge. Previous studies have shown that in 387
MNNs activation of SK channels during repetitive action potential firing contributes to spike 388 frequency adaptation (SFA), i.e., a progressive increase in the interspike interval duration 389 (Greffrath et al., 2004) . We report here that NMDAR-evoked firing in MNNs also results in SFA, 390 which was almost completely eliminated by apamin, being thus another line of evidence 391 supporting the functional coupling between NMDARs and SK channels in MNNs. also increased the number of action potentials evoked by direct current injection. However, for the 394 same number of action potentials evoked, the effect of apamin was markedly greater when action 395 potentials were evoked by NMDAR activation (i.e., ~36% vs 94% increase when comparing direct 396 current injection with NMDAR activation, respectively). These results support that compared to 397 VGCC, NMDARs couple more efficiently to SK channels. This is likely the result of differences 398 in the spatiotemporal properties of the Ca 2+ dynamics evoked by NMDARs and VGCC, differences 399 that may include a larger amount of Ca 2+ entry per spike, or closer spatial relationship of NMDARs 400 to SK channels. Future experiments will be needed to further elucidate this phenomenon. 401
In a series of recent publications, we showed that functional extrasynaptic NMDARs 402 (eNMDARs) play an important role in mediating the excitatory effect of glutamate in MNNs 403 (Fleming et al., 2011; Potapenko et al., 2012 Potapenko et al., , 2013 Zhang et al., 2017) . 404
Moreover, and as previously showed in other brain regions (Hardingham & Bading, 2010) , 405 eNMDARs in MNNs are differentially coupled to distinct intracellular signaling cascades and 406 targets. Thus, we found eNMDARs (but not synaptic ones) to be negatively and positively coupled, 407 respectively, to A-type K + channels (Naskar & Stern, 2014; Zhang et al., 2017) and GABAA 408 receptors . Thus, it will be important to determine in future studies the 409 relative contribution of synaptic and eNMDARs to the functional coupling to SK channels 410 described herein. 411 412
Blunted NMDAR-SK channel coupling in MNNs from HF rats 413
Another important finding from these studies is that the negative feedback loop between 414
NMDARs and SK channels was largely blunted or absent in MNNs from HF rats. Thus, we found that in this experimental group apamin failed to increase INMDA, to enhance the NMDAR-evoked 416 membrane depolarization and the number of evoked action potentials as observed in MNNs from 417 sham rats. 418
Several mechanisms could contribute to the blunted NMDAR-SK channel interaction in 419 HF, including a diminished INMDA. This however, was not the case. In fact, given the blunted 420 inhibitory feedback, a larger INMDA would be expected in MNNs from HF rats (see more below 421 about this). A diminished NMDAR-DCa 2+ could also lead to diminished activation of SK channels. 422
However, and as we previously reported we found a larger NMDAR-423
DCa 2+ in MNNs from HF. Finally, changes in SK channel function/expression could also 424 contribute to the blunted negative feedback reported in this study. In this sense, we recently 425 reported a diminished SK2/SK3 channel subunit mRNA expression in the SON of HF rats 426 (Ferreira-Neto et al., 2017), suggesting that a reduction in the number of available SK channels 427 could constitute a key underlying mechanism. However, whether the global decrease in SK 428 channel mRNA expression within the SON specifically affected the availability of SK channels in 429 the vicinity of NMDARs is at present unknown. Moreover, we cannot rule out at present whether 430 a diminished SK channel Ca 2+ -sensitivity also contributes to the altered NMDAR-SK channel 431 crosstalk during HF. Thus, future studies are warranted to explore more specifically the relative 432 contribution of these potential mechanisms. 433
As stated above, and based on a blunted NMDAR-SK negative feedback in HF, we would 434 have expected a larger baseline INMDA in MNNs of HF rats. However, while a tendency was 435 observed, this difference was not statistically significant. A possible explanation for this apparent 436 discrepancy could be explained by the results obtained from the BAPTA experiments. Thus, while 437 SK channel blockade with apamin enhanced INMDA only in MNNs from sham rats, we found that 438 global Ca 2+ chelation with BAPTA potentiated INMDA in both experimental groups. Thus, one 439 likely interpretation for these results is that a non-SK, Ca 2+ -sensitive mechanism is specifically 440 activated in MNNs from HF rats, acting as a compensatory mechanism to the blunted action of SK 441 channels in this condition. The molecular identity of this Ca 2+ -sensitive mechanism, and the time 442 course relationship between its onset and the onset/evolution of the disease remains to be 443 established. 444
Taken together, our studies support a novel functional crosstalk between NMDARs and 445 SK channels in MNNs that acts as an important negative feedback mechanism that regulates 446 neuronal excitability and activity in the SON. Moreover, our studies support that a blunted 447 crosstalk may contribute to the pathophysiology of neurohumoral activation during HF. 448
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